A recently discovered phosphatidylinositol monophosphate, phosphatidylinositol 5-phosphate (PtdIns-5-P), plays an important role in nuclear signaling by influencing p53-dependent apoptosis. It interacts with a plant homeodomain finger of inhibitor of growth protein-2, causing an increase in the acetylation and stability of p53. Here we show that type I phosphatidylinositol-4,5-bisphosphate 4-phosphatase (type I 4-phosphatase), an enzyme that dephosphorylates phosphatidylinositol 4,5-bisphosphate (PtdIns-4,5-P2), forming PtdIns-5-P in vitro, can increase the cellular levels of PtdIns-5-P. When HeLa cells were treated with the DNAdamaging agents etoposide or doxorubicin, type I 4-phosphatase translocated to the nucleus and nuclear levels of PtdIns-5-P increased. This action resulted in increased p53 acetylation, which stabilized p53, leading to increased apoptosis. Overexpression of type I 4-phosphatase increased apoptosis, whereas RNAi of the enzyme diminished it. The half-life of p53 was shortened from 7 h to 1.8 h upon RNAi of type I 4-phosphatase. This enzyme therefore controls nuclear levels of PtdIns-5-P and thereby p53-dependent apoptosis.
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acetylated p53 ͉ inositol signaling ͉ nuclear translocation I nositol lipids participate in a variety of intracellular signaling pathways including cytoskeletal dynamics, intracellular membrane trafficking, cell proliferation, and apoptosis (1, 2) . In response to agonists, the phosphoinositide profile is modulated by phospholipases, lipid kinases, and lipid phosphatases. The lipid messengers transduce signals through binding to proteins with binding domains specific for different phosphoinositides.
The most recently discovered of the seven known phosphoinositides is phosphatidylinositol 5-phosphate (PtdIns-5-P), and its function is the least understood (3) . The origin of PtdIns-5-P in cells was until recently unknown. A study of changes in the cellular levels of PtdIns-5-P suggested that PtdIns-5-P arises from the action of a phosphatase rather than a kinase (4) . Our discovery of two phosphatases that convert PtdIns-4,5-P 2 to PtdIns-5-P provides a route for synthesis of this lipid (5) . Recently, it was suggested that PtdIns-5-P specifically interacts with a plant homeodomain (PHD) finger of inhibitor of growth protein-2 (ING2) protein, and that this interaction is required for ING2-dependent activation of p53, which leads to increased apoptosis (6) . This suggestion was based on the finding that RNAi of ING2 or overexpression of the phosphatidylinositol phosphate kinase (PIPK) type II␤, an enzyme that converts PtdIns-5-P to PtdIns-4,5-P 2 , decreases apoptosis. Thus, it was presumed that both ING2 and PtdIns-5-P were required for acetylation of p53, although cellular PtdIns-5-P was not measured in that study (6) .
The ING2 is a member of the inhibitor of growth family and acts as a cofactor on the histone acetyltransferase complex that functions in chromatin remodeling and p53 acetylation and activation (7) . Mutation of the PHD finger that renders PtdIns-5-P-binding defective abrogates p53 acetylation as well as p53-dependent apoptosis in response to DNA-damaging stimuli (6) . The level of PtdIns-5-P can be modulated in the nucleus by using PIPKII␤, which utilizes PtdIns-5-P as a substrate to generate PtdIns-4,5-P 2 (8) . Elevated nuclear levels of PtdIns-5-P promote an ING2-p53 interaction and accelerate p53-dependent cell death. Although nuclear PIPKII␤ converts PtdIns-5-P into PtdIns-4,5-P 2 , it is very likely that the PtdIns-4,5-P 2 4-phosphatases oppose its effects and generate PtdIns-5-P from PtdIns-4,5-P 2 . Therefore, stress-induced increase in the nuclear PtdIns-5-P levels could also result from increased phosphatase activity. The two mammalian PtdIns-4,5-P 2 4-phosphatases dephosphorylate PtdIns-4,5-P 2 , forming PtdIns-5-P. Overexpression of one of them, type I phosphatidylinositol-4,5-bisphosphate 4-phosphatase (type I 4-phosphatase), resulted in a significant decrease in cellular PtdIns-4,5-P 2 , suggesting an effect on cellular PtdIns-5-P levels (5) . In this report, we further investigate this enzyme and its product, PtdIns-5-P, in the context of cellular stress. Stressinduced elevation in nuclear PtdIns-5-P can at least partially be attributed to type I 4-phosphatase. Nuclear translocation of type I 4-phosphatase was observed upon cellular stress. As a consequence, nuclear levels of PtdIns-5-P increased and promoted cell death through ING2-enhanced p53 acetylation, stability, and activity.
Results
The Level of Cellular PtdIns-5-P Is Altered by Type I 4-Phosphatase in HEK-293 Cells. We have identified two PtdIns-4,5-P 2 4-phosphatases that hydrolyze PtdIns-4,5-P 2 to PtdIns-5-P in vitro. The level of PtdIns-4,5-P 2 was reduced by Ϸ20% in stable cell lines that overexpress type I 4-phosphatase (5). We predicted that this would increase cellular PtdIns-5-P. In HEK-293 TRex cell lines that overexpress type I 4-phosphatase, we examined PtdIns-5-P levels 24 h after induction of enzyme expression by using tetracycline. Levels of PtdIns-5-P were 1.54 Ϯ 0.26, n ϭ 8, compared with the normalized value in control cells of 1.0 Ϯ 0.08, n ϭ 7 (P Ͻ 0.05). Because both type I and type II 4-phosphatases convert PtdIns-4,5-P 2 to PtdIns-5-P in vitro, we determined the effect of type II 4-phosphatase on PtdIns-5-P levels. We found no changes in total cellular PtdIns-5-P in the cell lines that were stably transfected with type II 4-phosphatase (data not shown).
Type I 4-Phosphatase Enhances Endogenous p53 Stability. Interaction between PtdIns-5-P and the nuclear adaptor protein ING2 is presumed to stimulate p53 acetylation and therefore promote p53 activity and stability in response to cellular stress (6, 8, 9) . We first examined the endogenous p53 levels in HeLa cells treated with siRNAs targeting both 4-phosphatases. The siRNA of type II 4-phosphatase did not reduce p53 expression (data not shown). However, when type I 4-phosphatase levels were reduced, a dramatic decrease in p53 levels in response to the genotoxic agent etoposide was seen (Fig. 1A) . The greatest reduction in p53 levels was observed in cells treated with 100 M etoposide for 24 h (Fig. 1 A) . We also examined the levels of the p53 downstream effector p21. Treatment of type I 4-phosphatase with siRNA also decreased the level of p21 relative to that in control siRNA-treated cells in the presence of 20 M and 50 M etoposide (Fig. 1 A) . At the highest concentration of etoposide, p21 was reduced even without RNAi, perhaps as the result of cytotoxicity. We also assessed the level of p53 in the cells that overexpress either type I or type II 4-phosphatase alone over a 24-h time course. Overexpression of type I 4-phosphatase increased endogenous p53 (Fig. 1B) , whereas cells overexpressing type II 4-phosphatase showed no changes in p53 (data not shown).
In cells overexpressing type I 4-phosphatase, RT-PCR was used to measure p53 mRNA levels to rule out the possibility that increases in p53 levels after stress are due to increased transcription of p53 (data not shown). Changes in p53 are due to altered stability of the protein because the turnover rate of p53 in cells treated with etoposide is increased with type I 4-phosphatase siRNA, as shown in Fig. 2A . The results of a similar experiment using doxorubicin as a genotoxic agent are shown in Fig. 2B . The half-life of p53 was reduced from 7 h to 1.8 h by using siRNA of type I 4-phosphatase (Fig. 2C ).
Overexpression of Type I 4-Phosphatase Promotes p53 Acetylation
and Cell Death, and Both Are Inhibited by PIPKII␤. We found that the level of p53 was increased by type I 4-phosphatase, which could be due to an increase in the levels of PtdIns-5-P leading to ING2-dependent p53 acetylation. We examined whether acetylation of p53 was enhanced in the presence of type I 4-phosphatase and whether a more active acetylated p53 leads to apoptosis. In TRex cells stably expressing type I 4-phosphatase after tetracycline induction, treatment with etoposide to induce apoptosis was examined, as shown in Fig. 3A . Compared with the uninduced cells, the type I 4-phosphatase-overexpressing cells became rounded and irregular and suffered a significant decrease in viability (Fig. 3A) . Overexpression of type I 4-phosphatase upon tetracycline treatment by itself had no effect on cell viability because no morphological alteration was observed compared with the control cells in the absence of etoposide (Fig. 3A) . Western blot analysis of HeLa cell extracts after etoposide treatment shows that expression of the type I 4-phosphatase increases acetylated p53 levels, whereas the cells cotransfected with PIPKII␤ have reduced acetylated p53 levels (Fig. 3C ). The increase in acetylated p53 evoked increased apoptosis, as shown by the FACS analysis shown in Fig. 3B , in which cell death is measured as the fraction of cells in the sub-G 1 compartment. The proportion in sub-G 1 population was returned to control levels when PIPKII␤ was cotransfected with type I 4-phosphatase. The apoptotic cell death observed appeared to be correlated with the level of acetylated p53 because the increase in acetylated p53 when type I 4-phosphatase was used was attenuated by the overexpression of PIPKII␤ (Fig. 3 B and C) . These data highlight the role of PtdIns-5-P in the control of the DNA damage response because the up-regulation of PtdIns-5-P by type I 4-phosphatase results in an increase in p53 acetylation and cell death. The ING2 has been shown to stimulate acetylation of p53 on Lys-382 and induce apoptosis (10), which was dependent on PtdIns-5-P binding (6) . Therefore, we determined whether the ING2 protein was required for type I 4-phosphatase to promote acetylation of p53. We measured the level of acetylated p53 in the presence of type I 4-phosphatase after the depletion of the ING2 with siRNAs (Fig. 4A) . The ING2 depletion leads to a decrease in the level of acetylated p53, which was previously elevated as the result of overexpression of type I 4-phosphatase (Fig. 4B ). Because depletion of ING2 markedly abrogates p53 acetylation and p53-dependent apoptosis in response to cell stress (6), type I 4-phosphatase is likely to mediate acetylation and apoptosis of p53 through the function of the PtdIns-5-P-ING2 complex. We have previously demonstrated that type I 4-phosphatase is ubiquitously expressed and colocalizes with the endosomal-specific marker LAMP1 in an overexpression system (5). However, given that the main components of the ING2-p53 pathway are found in the nucleus, it is possible that some of type I 4-phosphatase protein is localized in the nucleus as well, especially when cells are confronted with cellular stress. We isolated intact nuclei by using a detergent-free method (11) , and the efficiency of subcellular fractionation was verified by using immunoblotting with tubulin and histone H4 antibodies (Fig. 5A) . Consistent with our previous report (5), type I 4-phosphatase is predominately located in the cytosol (Fig. 5A) . However, exposure to etoposide for 4 h resulted in a significant increase of type I 4-phosphatase in the nuclear fraction, with both the endogenous and overexpression system. Because the total cellular amount of type I 4-phosphatase appeared unchanged, an increase in nuclear type I 4-phosphatase likely resulted from the redistribution of this enzyme. The nuclear Non. Spec. fraction of 4-phosphatase increased from 15% to 40% of the total in response to cellular stress.
Type I 4-Phosphatase Increases Nuclear PtdIns-5-P upon Cellular
Stress. The metabolism of nuclear phosphoinositides may be independent of their cytosolic counterparts (2). Jones et al. (8) have demonstrated that nuclear PtdIns-5-P rises upon stress stimulation as a consequence of inhibition of PIPKII␤ as the result of phosphorylation at Ser-326. Given that type I 4-phosphatase is redistributed into the nucleus in response to cellular stress, we hypothesized that type I 4-phosphatase might be responsible for controlling nuclear PtdIns-5-P. We measured the level of nuclear PtdIns-5-P in both resting and induced cells by using PIPKII␣ to form 32 P-labeled PtdIns-4,5-P 2 , as described in Materials and Methods. Interestingly, despite the fact that the total cellular PtdIns-5-P was increased by using type I 4-phosphatase, the amount of nuclear PtdIns-5-P was too low to detect under resting conditions (Fig. 5B  Upper) , suggesting that the nuclear fraction of PtdIns-5-P represents only a small fraction of the total PtdIns-5-P. However, a 4-h treatment with etoposide led to an increase in nuclear PtdIns-5-P, in both vector-transfected and type I 4-phosphatase-transfected cells (Fig. 5B Lower) . The increase in nuclear PtdIns-5-P in cells overexpressing type I 4-phosphatase was 50% greater than that of the vector-transfected cells (Fig. 5C ).
Discussion
We have found that type I 4-phosphatase regulates nuclear PtdIns-5-P levels, which in turn mediate p53-dependent apoptosis through interaction with ING2 in response to genotoxic stress. The redistribution of type I 4-phosphatase into the nucleus demonstrates the role of nuclear PtdIns-5-P in phosphoinositidemediated stress response signaling. These findings are summarized in the model shown in Fig. 6 .
PtdIns-5-P represents less than 10% of total phosphatidylinositol monophosphates, and previously it was unclear as to how it was formed. Myotubularins and PIKfyve are the mammalian enzymes previously shown to increase cellular levels of PtdIns-5-P (12, 13), but they do not provide a route for the net synthesis of PtdIns-5-P. We have shown here that type I 4-phosphatase is capable of increasing the cellular level of PtdIns-5-P in vivo in an overexpression system. It is likely that this modulation is the result of direct hydrolysis because we demonstrated earlier that The nuclear level of PtdIns-5-P increases in response to cellular stress. The HeLa cells transfected with vector (pcDNA4/TO) or type I 4-phosphatase were cultured in 150-mm plates and treated with etoposide for 4 h, and the intact nuclei were isolated. A mass assay was performed to determine the nuclear PtdIns-5-P content as described in the legend to Fig. 1 . Synthetic PtdIns-5-P (100 pmol) was used as the loading control, and 32 P-labeled PtdIns-4,5-P2 was confirmed by using HPLC. (C) Quantification of PtdIns-5-P levels shown in B. The results are presented as relative mass compared with that in vector-transfected cells (1.00 Ϯ 0.13, n ϭ 8, versus 1.59 Ϯ 0.23, n ϭ 8, unpaired t test, P Ͻ 0.05). total cellular PtdIns-4,5-P 2 is depleted (5) . Given the fact that high levels of PtdIns-4,5-P 2 , which is the substrate of type I 4-phosphatase, are widely distributed in both cytoplasm and the nucleus, it is possible that this dephosphorylating process may be the predominate synthetic pathway for PtdIns-5-P. Several PHD fingers containing nuclear proteins are PtdIns-5-P-binding ligands (6, 14, 15) . It has been shown that ING2 is a nuclear receptor for PtdIns-5-P in response to stress, and this interaction and its consequences have been studied extensively (6, 8, 16) . The only known regulator of PtdIns-5-P in apoptotic events identified previously is PIPKII␤ (8) . Here we demonstrate that type I 4-phosphatase regulates cellular and nuclear levels of PtdIns-5-P and plays an important role in the PtdIns-5-P-mediated apoptotic process.
The PHD domain in general transcription factor IIH, a RNA polymerase II component, is a binding partner of PtdIns-5-P. The activation domain of the transcriptional activator VP16 also binds to the same site. Therefore, PtdIns-5-P may alter transcription by binding-site competition (14) . The ING2 also binds histone H3 trimethyllysine, which marks chromatin at sites of repression of gene transcription. However, this binding site appears to be distinct from that of PtdIns-5-P because mutations in ING2 that inhibit binding to histone H3 trimethyllysine do not block PtdIns-5-P binding or ING2 effects on apoptosis. The PtdIns-5-P not only may up-regulate the p53 apoptosis pathway, but also may regulate a set of proliferation genes that are under the control of several PHD-containing proteins. Moreover, all five members of the ING family have been implicated in p53 function (17) , PtdIns-5-P binding (8) , and the acetylation of chromatin through interaction with specific histone acetyltransferase-deacetylase complexes (18) . We speculate that ING2 suppressor proteins are key components linking chromatin modulation with p53-dependent tumor suppression and that nuclear PtdIns-5-P is the phosphatidylinositol messenger in this process.
This study also provides a link between p53 posttranslational modification and PtdIns-5-P. p53 is specifically acetylated at several lysine residues in the C-terminal regulatory domain by using CBP/p300, which requires ING2 as a cofactor (7) . Acetylation of p53 induces a conformational change that enhances its sequence-specific DNA-binding activity (19) . Our experiments show that elevated PtdIns-5-P promotes the acetylation of p53 and that this effect is abrogated by reducing ING2 protein levels with siRNA, indicating that ING2 is the signal receptor in this event. Acetylation appears to be very important for p53 stability by protecting it from degradation (20) . In our overexpression and siRNA knockdown experiments, the stability of p53 correlated with the levels of type I 4-phosphatase under stress conditions. Type I 4-phosphatase is redistributed into the nuclear compartment upon stress. Nuclear transport of macromolecules uses nuclear localization signals, which facilitate the interaction with cytoplasmic receptor proteins. However, no typical nuclear localization signal sequences with a cluster of positive amino acids (21) have been identified in type I 4-phosphatase, suggesting that the type I 4-phosphatase might bind to another nuclear localization signal-bearing protein to be transported. A key in future studies will be identification of type I 4-phosphatase binding partners and the investigation of their effects on enzymatic activity and/or intracellular localization.
Materials and Methods
Reagents and Chemicals. All chemicals and reagents, unless specifically noted, were purchased from Sigma-Aldrich (St. Louis, MO). The [␥-32 P]ATP was purchased from MP Biomedicals (Solon, OH).
Antibodies and Fluorescent Probes. The following antibodies were used: anti-type I 4-phosphatase as described (5) . For anti-p53, monoclonal antibodies DO-1 (Calbiochem, San Diego, CA), polyclonal antibody 9282 (Cell Signaling, Danvers, MA), and FL393 (Santa Cruz Biotechnology, Santa Cruz, CA) were used; rabbit anti-acetylated human p53 (K382) polyclonal antibody was from Trevigen (catalog no. 2371; Gaithersburg, MD) and from Cell Signaling (catalog no. 2525s). Rabbit anti-ING2 antibody was provided by Curtis Harris (National Cancer Institute, Bethesda, MD). Mouse monoclonal anti-FLAG epitope antibody was from Sigma, and polyclonal anti-␤tubulin ab6046 was from Abcam (Cambridge, MA). Anti-histone H4, rabbit polyclonal ab10158 was from Abcam, and anti-HA epitope, mouse monoclonal HA-7, was from Sigma-Aldrich.
(500 g of total protein) were precleared with staphylococcal protein A beads (IPA300; Repligen, Waltham, MA) and incubated with 1 g of affinity-purified antibodies overnight at 4°C, followed by incubation at 4°C with protein A-agarose beads for 2 h. Immunoprecipitated complexes were washed four times with PBS and eluted in SDS sample buffer by boiling for 4 min, electrophoresed through SDS/polyacrylamide gels, transferred to nitrocellulose membranes, and subjected to immunoblot analysis. The appropriate horseradish peroxidase-conjugated secondary antibody and the SuperSignal West Pico chemiluminescent substrate (Pierce) were used to visualize the bands. Where indicated, bands were compared by using densitometry of Western blots with an Image Station 440 CF (Eastman Kodak, Rochester, NY), and the data were analyzed by using Kodak 1D V.3.5.4 software (Kodak Scientific Imaging System, Rockville, MD).
FACS. Propidium iodide staining was carried out as follows. Harvested cells were washed in PBS and fixed in cold 70% ethanol. After 30-min fixation at 4°C, cells were washed twice with ice-cold PBS and spun at 1,100 ϫ g, and the supernatant was discarded. The solution (500 l, 100 g/ml RNase, 0.1% Triton X-100, 20 g/ml propidium iodide) was added, the samples were subjected to FACS (FACScan; Becton Dickinson, Franklin Lakes, NJ), and the data were analyzed by using CellQuest software (Becton Dickinson).
